We present a comprehensive wavelength survey of Fe L-shell X-ray lines between 7 and 11Å measured using flat crystal spectrometers and the EBIT-I and EBIT-II electron beam ion traps at the Lawrence Livermore National Laboratory. This survey includes all significant emission lines produced by over 200 n → 2 transitions in Fe XIX -XXIV, with n=4-10. The identification and assignment of transitions are made with the help of detailed theoretical modeling using the Flexible Atomic Code (FAC).
Introduction
Accurate atomic data are crucial for the modeling of observed line intensities and for deriving the plasma conditions critical for the interpretation of astrophysical observations (Kahn & Liedahl 1990; Paerels & Kahn 2003) . The atomic data of iron are particularly important for interpreting virtually all types of observations since iron is the most abundant high-Z element and radiates profusely in many spectral bands. Specifically, the line-rich emission from the iron L-shell transitions has been one of the primary diagnostic tools of the high-resolution grating spectrometers on the XMM − Newton and Chandra Xray observatories. The detailed spectra obtained by these missions provide constraints on the complex physical processes occurring in hot, cosmic plasmas and make possible X-ray line diagnostics for a wide range of astrophysical sources. Such applications in turn rely heavily upon the accuracy of the atomic data on which models and data interpretation are based. To address the need for a complete, accurate set of atomic data, our laboratory
In the following we present our measurement and identification of the high n → 2 transition lines. The line identification was made through detailed theoretical modeling using the Flexible Atomic Code (Gu 2003 ) described in Section 3. As we discuss in Section 4, we have identified 168 features, which we associated with over 200 transitions. The present line list thus provides a comprehensive data set for use in spectral modeling codes such as APEC (Smith et al. 2001 ) and CHIATI (Landi et al. 2006 ) as well as a benchmark of abinitio codes such as HULLAC (Bar-Shalom et al. 2001) and FAC (Gu 2003) .
Emission line measurements
Our experiments were carried out on the EBIT-I (Levine et al. 1988 ) and EBIT-II electron beam ion traps using two flat-crystal spectrometers. Details of the spectrometers can be found in Beiersdorfer & Wargelin (1994) and Brown et al. (1999) . The iron spectra were taken at four settings utilizing two types of crystals to cover the wavelength range from 7 to 11Å. The wavelength range of 7 -9Å was covered in three settings using a 50 mm × 25 mm × 25 mm ammonium dihydrogen phosphate (ADP) crystal, while the forth setting used a 50 mm × 25 mm × 25 mm thallium hydrogen phthalate (TlAP) crystal for the wavelength range of 9 -11Å. Neighboring settings have wavelength overlap of 0.1 -0.2Å. For each setting, a total of 2 -9 spectra were taken at different electron beam energies (1.5-3.0 keV). The beam energies were selected to maximize the population of particular charge states in a single spectrum.
Two injection methods were used to introduce iron into the trap. One employed a metal vapor vacuum arc source (MeVVA) (Brown et al. 1986 ) and the other a gas injector. The -3 -first method utilizes element iron, while the other an iron compound, iron pentacarbonyl (Fe(CO) 5 ). The MeVVA injection was used for the three lower wavelength settings, and the gas injection was used for the fourth, longest wavelength setting. In both cases, the injected ions were trapped for times between 4 and 5 seconds and then expelled before a new cycle of injection began. The ions are cycled in this fashion to avoid contamination of the trap by heavy elements. Indeed, there was no contamination from high-Z ions in the measurements. To check for any possible background emission, we took spectra at the same operation conditions except without iron injection. As expected and shown in Section 4, the MeVVA injection resulted in a higher average ion charge state than that from the gas injection. This is because in the case of the MeVVA injection, the ions are successively ionized until they reach a charge defined by the electron beam energy. In the case of gas injection, Fe(CO) 5 continuously flows into the trap and thus replenishes the low charge states continuously. Thus the later method results in an equilibrium consisting of broader range of charge states than in the case of the MeVVA injection.
To calibrate the wavelength scale, we used a combination of Li-like and He-like lines of Mg 9+ and Mg 10+ , earlier measurements of several high-n transitions of Fe XXI -XXIV observed in the Princeton Large Torus (PLT) tokamak (Wargelin et al. 1998) , and the measurement of the 3 → 2 transitions of Fe 22+ near 11Å by Brown et al. (2002) . The calibration lines are listed in Table 1 . The calibration lines were analyzed in the same way as described by Brown et al. (2002) . The total calibration uncertainties are estimated to be 2 mÅ for the 7 -9Å range covered by the ADP crystal. For the 9 -11Å range covered by the TlAP crystal, the uncertainty is 4 mÅ due to the uncertainty of the calibration lines and the lower resolving power of the spectrometer. The statistical uncertainties are below 1 mÅ for most of the strong lines. The total error quoted for the measured wavelength is the quadrature addition of each individual error.
Data Analysis and Modeling Using the FAC code
In order to identify the multitude of Fe lines, we constructed theoretical models with mono-energetic electron excitation conditions. In our model, collisional excitation from the n = 2 configurations of each charge state to configurations with n ≤ 12 and the subsequent radiative cascades were included. The atomic data needed, including level energies, collision strengths, and radiative transition rates, were calculated with the Flexible Atomic Code (FAC) described by Gu (2003) . The spectra were computed at an electron density of 10 11 cm −3 , which is appropriate for the experimental conditions of the present work, and corresponds to the coronal density limit for most Fe L-shell ions. The theoretical spectra for -4 -individual charge states were properly weighted by the fractional ion abundance to fit the measured data, with the weighting coefficients treated as free parameters. The relative spectrometer response was estimated by taking into account the absorption in the filters between the spectrometer and the electron beam ion trap, the gas absorption in the gas proportional counters, which were filled with P-10 (10% CH 4 and 90% Ar) gas at 1 atmosphere and a depth of 0.9 cm, as well as the relative reflectivity of each crystal. We used Voigt line profiles in the spectral fit with fixed widths and damping parameters for each spectrometer setting derived by fitting isolated lines. Overall good agreements between the model spectra and data are obtained for all spectral settings and electron energies.
An example of our modeling spectra is shown in Fig. 1 . The figure displays a spectrum taken at an electron beam energy of 1.95 keV and in the spectral region of 8-9Å. Clike, B-like, and Be-like ions are the major contributors to this spectrum. The best-fit relative abundances of these ions are determined to be 0.18, 0.33, and 0.48, respectively. Contributions from individual charge states are shown in Figure 1 to assist assigning lines to different ions.
With the aid of our modeling, we could identify the strongest features in each observed spectrum. We then determined the wavelengths and intensities of the associated transitions by fitting multi-Voigt components to individual features in the local spectral regions. When the same transitions were measured in multiple spectra, instead of averaging over all wavelengths and uncertainties, we chose the measurement from the spectrum with the highest signal-to-noise ratio and least amount of blending as the final result. The differences of wavelengths measured in different spectral are typically below the calibration errors, and for most lines, the statistical uncertainty obtained in a single measurement is less than the calibration error as well. Therefore averaging would not improve the accuracy of the measurements further. The measured intensities were then normalized to the strongest line for each charge state. The intensities obtained in different spectral settings were related to each other through overlapping regions. Theoretical transitions contributing more than 20% to a given peaks were assigned to that feature.
Results and Discussions
Our results are summarized in Tables 2-7, and illustrated in Figures 2-7 . We continue the labeling convention and numerical consequence started by Brown et al. (2002) . For comparison, the tables also include the results of the solar flare spectra reported by McKenzie et al. (1985) and Fawcett et al. (1987) , and the measurements by Wargelin et al. (1998) on PLT tokamak plasma.
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F-like Fe XVIII and O-like Fe XIX lines
We observed two F-like and five O-like Fe features, as shown in Fig. 2 . The corresponding ten atomic transitions associated with these seven features are listed in Table 2 . These lines are 4d -2p (Fe XIX) and 5d -2p (Fe XVIII) transitions. The strongest line in the spectrum is O32 line at 10.818Å. We identify the associated transition to be 2p 2 3/2 (J = 2) to 2p 3/2 4d 3/2 (J = 3). Two lines, O36 and F38, are blended with N-like lines.
N-like Fe XX lines
22 N-like Fe XX features were measured in two settings, as shown in Fig. 3 (a) and (b). These were identified to be associated with transitions from levels with principal quantum number n ≤7, as listed in Table 3 . The majority of these features are associated with multiple atomic transitions, as these transitions make a comparable contribution to the intensity of a given line. Two transitions are the dominant contributors to the strongest line N46 at 10.004Å: 2p 3/2 (J = 3 2 ) to 2p 1/2 2p 3/2 4d 3/2 (J = ).
C-like Fe XXI lines
In the C-like Fe XXI spectrum, we observed 44 features in three measurement settings, as illustrated in Fig. 4(a) , (b) and (c). The associated atomic transitions (n=4-10 to 2) are listed in Table 4 . Most of the lines were associated with single atomic transition. The measurements generally agree with the theoretical wavelengths within a few mÅ except for a couple of lines (C34 and C33) where the difference is slightly bigger (8-9 mÅ).
B-like Fe XXII lines
We observed 51 B-like Fe XXII lines in four measurement settings, as illustrated in Fig.  5 (a), (b), (c), and (d). The corresponding atomic transitions (n=4-10 to 2) are listed in Table 5 . Nearly half of the lines are attributed to multiple transitions. The strongest line at 8.977Å is identified with the 2p 1/2 (J = ) transition. The identifications for B63 and B66 lines are tentative for the agreement between the model and measurement is poor. Although the theoretical wavelengths match the observed features, but the modeled intensities are much less (up to 50%) than that were measured. The reason for this disagreement is not clear although one may speculate it to be the cross sections used in the model, ). At low densities, the true ground level, 1s 2 2s 2 2p 1/2 2 P 1/2 , is almost exclusively populated, whereas the population of the upper (metastable) level of the ground term, 1s 2 2s 2 2p 3/2 2 P 3/2 , is insignificant. At the high density limit, the population ratio of the 2p 1/2 and 2p 3/2 levels reflects the local thermodynamic equilibrium and thus approaches the statistical ratio 1:2. In between these limits, the population ratio reflects the density of the plasma. A few density sensitive features of the L-shell spectra of C-like and B-like ions have been discussed previously by Mason & Storey (1980) ; Fawcett et al. (1987) ; Wargelin et al. (1998) ; Mauche et al. (2003) ; Chen et al. (2004) and Chen et al. (2006) .
Be-like Fe XXIII lines
We observed 28 Be-like Fe XXII lines in four measurement settings, as shown in Fig.  6 (a), (b), (c), and (d). The corresponding atomic transitions (n=3-9 to 2) are listed in Table  6 . Five lines (Be16, Be 17, Be21, Be30 and Be32) are blended with either B-like or C-like lines. The identification of 3 lines (Be33, Be34 and Be36) is tentative, again for the poor agreement between modeled and measured line intensities.
Li-like Fe XXIV lines
In total, 16 Li-like Fe XXIV lines were measured in four measurement settings, as displayed in Fig. 7 (a), (b), (c) and (d). The corresponding atomic transitions (n=3-6 to 2) are listed in Table 7 . Many of these high n to 2 Li-like Fe lines have been observed before in solar flares Fawcett et al. 1987) , laser plasmas (Boiko, Faenov & Pikuz 1978) and tokamak plasmas (Wargelin et al. 1998) . We identified the majority of the lines with a single trantions. The only exception is the line labeled Li17. Moreover, line Li8 is blended with line Be21. We confirmed the identification for the line at 7.461Å to be a transition from 2p 3/2 (J = ). This line was tentatively identified by Wargelin et al. (1998) .
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Summary
We have presented results from measurements on the EBIT-I and EBIT-II machines of highly ionized Fe L-shell lines between approximately 7 and 11Å. We have identified almost every line through theoretical modeling using FAC. These lines are from high-n (n=4, 5, up to 10) to 2 transitions. The combination of the present measurements with our previous catalogue of the Fe L-shell 3 → 2 transitions provides the most extensive and accurate laboratory X-ray line list for Fe L-shell ions to date. 
a Measured wavelength inÅ. Numbers in the parentheses are the estimated uncertainties in mÅ.
b Measured relative intensities, normalized to 100, the strongest line for each charge state.
c Calculated wavelengths (inÅ) using configuration interaction theory using FAC code.
d Calculated relative intensity.
e Configuration labels for the lower levels.
f Configuration labels for the upper levels.
bl1 blended with line N44 (see Table 3 ).
bl2 blended with line N39 (see Table 3 ).
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10.127( 6) 38.2 N 10.118 22.1 2p 3/2 (J = (J = 0) 2p 3/2 4d 5/2 (J = 1) C 9 . 7 0 3 3 . 7 2 s 1/2 2p 1/2 2p 2 3/2 (J = 1) 2s 1/2 2p 1/2 2p 3/2 4d 5/2 (J = 2) C18 9.583( 6) 10.4 C 9.591 5.7 2p 1/2 2p 3/2 (J = 2) 2p 1/2 4d 5/2 (J = 3) 9.587 i C19 9.548( 6) 24.1 C 9.546 9.5 2p 1/2 2p 3/2 (J = 1) 2p 1/2 4d 3/2 (J = 1) C 9 . 5 5 2 7 . 9 2 p 1/2 2p 3/2 (J = 1) 2p 1/2 4d 5/2 (J = 2) 9.542 i 9.548 i C20 9.473 ( 5) b Measured relative intensities, normalized to 100, the strongest line for each charge state.
c Ion charge state. For example, N indicate N-like ions d Calculated wavelengths (inÅ) using configuration interaction theory using FAC code.
e Calculated relative intensity.
f Configuration labels for the lower levels.
g Configuration labels for the upper levels. bl1 Blended with B47, see Table 5 -14 - 
7.997( 4) 2.6 C 7.999
B49,C48 7.969( 3) 6.5 B 7.979 1.9
7.903( 4) 3.1 C 7.912 3.5 2p 2 1/2 a Measured wavelength inÅ. Numbers in the parentheses are the estimated uncertainties in mÅ.
g Configuration labels for the upper levels. 
